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To celebrate the sixtieth anniversary of Virology a survey is made of the plant viruses, virologists and
their institutions, and tools and technology described in the ﬁrst decade of plant virus publications in
Virology. This was a period when plant viruses increasingly became tools of discovery as epistemic
objects and plant virology became a discipline discrete from plant pathology and other life sciences.
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Introduction
In May 1955, the inaugural issue of Virology was published under
the editorial direction of three eminent virologists at the University
of Illinois-Urbana—George K. Hirst, Lindsay M. Black, and Salvador E.
Luria—to “further communication among virologists” (Brakke and
Reddy, 1999). They divided their editorial duties by areas of expertise
with Hirst, the editor-in-chief, taking manuscripts on animal viruses;
Luria the bacterial viruses; and Black the plant viruses. The establish-
ment of Virology suggests the discipline had matured sufﬁciently to
support a specialist journal. In 1953, in his textbook “General
Virology”, Luria wrote that “virology should be concerned primarily
with virus functions and properties”, a prescription closely followed
by the founders of Virology.
The mid-20th century was an auspicious time to begin a new
journal, in part due to two key events in the 1950s that greatly
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inﬂuenced scientiﬁc advances in the United States, a decade after
World War II. The ﬁrst event was the establishment of the National
Science Foundation (NSF) in 1950, and disbursement of research
grants in 1952. The second event was the launch of Sputnik-I by
the USSR on 4 October 1957, ushering in a push for Cold War-
scientiﬁc advances and increased funding for research and devel-
opment. (As an aside, Sputnik launched the same day that Robert
Horne and Sydney Brenner ﬁrst observed T2 phage using phos-
photungstic acid as negative stain (Horne, 1999)).
The history of bacteriophage and animal virology in this period
is often discussed and celebrated by virologists, but less attention
has been paid to advances in plant virology in the mid-20th century.
The focus here is to use Virology from 1955 to 1964 to make some
generalizations about plant virology and how the science was
developed by a select group of research centers and scientists. With
the focus on Virology, and space limitations, there will be only
limited contextualization of scientists, institutes and viruses that fall
outside these narrowly deﬁned parameters. To celebrate sixty years
of Virology, the favored viruses, techniques and equipment that
advanced the ﬁeld are discussed, with a particular emphasis on the
top ﬁve plant virus papers based on peer-citations.
Which virus to study?
In the ﬁrst decade of Virology plant virologists favored Tobacco
mosaic virus (TMV). This reﬂected several decades of research,
predicated on the ﬁnding of Martinus W. Beijerinck in 1898, when
he reported that the mosaic disease of tobacco was a contagium
vivum ﬂuidium—a virus (Beijerinck, 1898 [1968]; Zaitlin, 1998).
TMV was studied because it was important to tobacco growers,
with signiﬁcant agricultural losses reported in Europe and the
United States (Scholthof, 2004). TMV, of course, was not the only
virus associated with crop losses that became a laboratory object.
Several potato viruses causing signiﬁcant losses in the ﬁeld,
including Potato virus X (PVX), Potato virus Y (PVY), and Potato
yellow dwarf virus (PYDV), were making their way into the
research laboratory for physicochemical study.
Turnip yellow mosaic virus (TYMV) is a particularly intriguing
example of how an economically important virus travels from the
ﬁeld to the laboratory and becomes an epistemic object. Until
preparing this essay, it was unclear to me why TYMV was a favored
laboratory virus in the mid- to late-20th century. As with TMV and
potato viruses, the scientiﬁc roots of TYMV can be found in the ﬁeld.
In 1944 Kenneth M. Smith, a plant pathologist at the Plant Virus
Station at Cambridge (UK), and his Ph.D. student, Roy Markham,
gave the ﬁrst report of TYMV as a virus “attacking” turnip, causing
“bright yellow and green mosaic mottling” (Markham and Smith,
1946). Markham puriﬁed TYMV crystals, showed that they were a
ribonucleoprotein complex, and that the virus accumulated to a
high titer in plants—amounts at least equal to TMV in tobacco
(Markham and Smith, 1946). Markham’s early successes with TYMV
can be attributed in part to being trained in biochemical research by
Norman W. Pirie (Matthews, 1989), which directed him to nucleic
acid and protein chemistry, and X-ray crystallography. Markham
made signiﬁcant advances in electron microscopy techniques
(Matthews, 1981), one of which is among the most-cited plant
virus papers in the ﬁrst decade Virology (Markham et al., 1963).
Richard E. F. Matthews, following his demobilization from the New
Zealand army at the end of World War II, pursued a Ph.D. at
Cambridge from 1945 to 1948 (Elsden, 1982). Matthews “soon came
under the inﬂuence” of Markham and “began spending a signiﬁcant
portion of [his] time working on TYMV” (Matthews, 1981). In working
with Markham, a key player in ushering TYMV into the laboratory as
an object for fundamental studies of RNA and protein chemistry, and
Smith, a plant pathologist with expertise in general virology and insect
transmission, Matthews obtained a superb education, which included
access to the latest tools and techniques—radioisotopes, electrophor-
esis, super-centrifuges, crystallization, and electron microscopy—and
all the expertise offered at Cambridge. By 1948, Matthews had co-
authored a paper with Markham and Smith on a fundamental feature
of TYMV: that by centrifugation a top (T)- and bottom (B)- component
had been identiﬁed. By electrophoresis he conﬁrmed that the B-
component contained RNA; by crystal morphology and serology that
the T- and B-components were indistinguishable; and, that TYMV was
transmitted by the ﬂea beetle (Markham et al., 1948). Matthews
continued his research with TYMV for more than 35 years
(Matthews, 1981).
Following his Ph.D. studies, Matthews returned to the Univer-
sity of Auckland, yet the close collaboration with Markham
continued. Matthews (and TYMV) returned to Cambridge from
1952 to 1956, and later to the John Innes Institute (Norwich,
England) after Markham became its director in 1967 (Matthews,
1989). Matthews is best remembered for his now classic textbook,
“Plant Virology” (Matthews, 1970), which was the (only) plant
virology textbook for several generations of plant virologists (Hull,
2014). “Plant Virology” was chock-full of physicochemical and
plant physiology ﬁndings about Matthew’s virus, TYMV, a physi-
cochemical object seemingly far removed from its history as an
economically important plant pathogen.
TYMV is an exemplar of an expanding number of viruses taken
up for study in this ‘middle period’ of plant virology. The methods
for puriﬁcation of TMV and TYMV were followed by a focus on the
chemistry of the virus, which was soon extended to Tomato bushy
stunt virus (TBSV). As the tools and techniques matured, it was
possible to do physicochemical studies of other viruses, including
the many potato viruses (PVY, PVX, PYDV) and make further
generalizations about viruses. Yet, in the early 1950s, virology
was a young science. Luria reminded these workers that it was “…
essential to keep constantly in mind in the study of virology that
no conclusion based on the study of one virus can a priori be
generalized as valid for any other virus. In view of the presumed
heterogeneity of the objects that we call viruses, the greatest
caution must be exerted in attributing to any one virus a property
observed in another. This does not mean that we should consider
each virus as a completely distinct entity, unrelated to any others”
(Luria, 1953).
Table 1
Viruses studied in the ﬁrst decade of Virology, 1955–1964a.
Virus 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 Total
TMVb 8 12 12 14 13 21 19 30 28 25 182
PVY 2 0 2 1 3 2 3 7 2 1 23
PVX 2 0 2 1 1 2 6 3 3 1 21
CMV 0 1 1 2 1 3 2 2 5 3 20
WTV 1 0 1 0 0 0 4 4 2 3 15
TYMV 1 1 1 2 2 0 1 1 4 1 14
TNV 0 0 0 1 0 0 1 3 5 2 12
AlMV 0 0 0 0 0 1 3 0 1 3 8
TRSV 0 1 1 1 2 0 1 0 0 0 6
BSMV 0 0 0 1 3 0 0 0 1 1 6
PLRV 0 0 0 2 0 0 0 0 3 0 5
BCTV 1 1 1 1 0 0 0 0 0 1 5
SBMV 0 0 0 1 2 0 1 0 0 1 5
a The experimental use of a virus was determined by a survey of the abstract
and results sections of papers published from 1955-1964. As this is a survey, the
totals should be considered approximate. An arbitrary cutoff was 5 or more papers
from 1955-1964. Viruses with four citations each were Tomato bushy stunt virus
(TBSV), Brome mosaic virus (BMV), and Tobacco etch virus (TEV).
b Virus abbreviations in order are: Tobacco mosaic virus (TMV), Potato virus Y
(PVY), Potato virus X (PVX), Cucumber mosaic virus (CMV), Wound tumor virus
(WTV), Turnip yellow mosaic virus (TYMV), Tobacco necrosis virus (TNV), Alfalfa
mosaic virus (AlMV), Tobacco ringspot virus (TRSV), Barley stripe mosaic virus
(BSMV), Beet curly top virus (BCTV), and Southern bean mosaic virus (SBMV).
K.-B.G. Scholthof / Virology 479-480 (2015) 345–355346
Although TMV had been the right tool for the ﬁrst decades of
virus work, with the increasing availability of radioisotopes,
electron microscopes, and ultracentrifuges it became possible to
study the physicochemical nature of many viruses, and their
interactions with the cell. And, of course, TMV was not vector
transmitted, making it necessary to develop other viruses as tools
for virus:vector:plant interactions. Yet with the increasing avail-
ability of the new techniques, plant virologists took a curious turn
away from the ﬁeld (their roots), increasingly moving to the
laboratory for fundamental research on viruses as nucleoproteins.
This new shoot of virology would dominate research for decades,
with lesser attention on virus:host interactions (physiology) and
more towards the molecular biology of the viruses. The priority
was the virion and its component parts, and determining the
modes of virus transmission by arthropods, fungi and nematodes.
In the ﬁrst decade of publication in Virology, TMV retained its
priority as an object of discovery, with 182 papers. Other viruses
including PVY (23 papers), PVX (21 papers), Wound tumor virus
(WTV) (15 papers), TYMV (14 papers) and Cucumber mosaic virus
(CMV) (20 papers), made up the distant next ﬁve (Table 1). For CMV
the work was on strains, host genetic resistance, and aphid
transmission, and it was economically important, as were PVX,
PVY, and TYMV. These viruses had attributes that differed from
TMV in shape, vector transmission, and tumor formation; yet each
had come to the lab from the ﬁeld due to economic losses identiﬁed
by plant pathologists and entomologists. WTV, a leafhopper-
transmitted virus, was not economically important, but it was
interesting for its tumorigenic effects on hosts, which allowed
Lindsay Black to obtain funding from the American Cancer Society.
Of the top ten plant viruses reported on in Virology from 1955 to
1964 (Table 1), four (TMV, PVX, CMV, and PVY) were included on a
“Top 10” list in a recent survey of plant virologists (Scholthof et al.,
2011a), indicating continued research interest by the community.
What’s in a name? That which we call TMV by any other name
would be as infectious
With the advances in virology, there were more viruses discov-
ered and a need to develop a formal taxonomy. In 1939, writing in
Phytopathology, Francis O. Holmes, at the Rockefeller Institute for
Medical Research (Princeton, NJ), proposed an “organization of
knowledge about ﬁlterable viruses” (Holmes, 1939): viruses would
have a common name and a Latinized name. For TMV, “Marmor
tabaci Holmes” would become the scientiﬁc name, with “tobacco
mosaic virus” retained as the common name (Holmes, 1939). This
scheme was an extension of plans presented by others, including
Félix d’Hérelle who used binomials to describe bacteriophage. In
1939, he published “The Handbook of Phytopathogenic Viruses”,
with an exhaustive list of plant viruses. All viruses were placed
under the Kingdom Vira, with Division Phytophagi identiﬁed as
viruses pathogenic in plants (phytophages). Holmes split the known
plant viruses into ten families. These included the Marmoraceae, the
root term ‘marmor’ was taken from the Latin for mottled or
marbleized, for viruses that cause mosaic or systemic mottles on
leaves, such as TMV.
At least two problems confounded Holmes’ taxonomy: the ever-
increasing number of new viruses and the focus on physicochemistry
and biochemistry in studying viruses. In short, the “utter disregard
for the morphological properties of virus particles as a criterion of
classiﬁcation” (Luria, 1953) was one example of how Holmes’ efforts
“excited a good deal of controversy”. The nomenclature was never
fully accepted by virologists; in Virology the last use ofMarmor tabaci
was by Holmes (1960). With all of this, Bawden had it right in 1966:
“Opposing opinions have been endlessly debated, and the debates
much enjoyed, but the only alternative to the old name that has been
widely used is TMV, initials that are almost as well known as DNA
and RNA” (Bawden, 1966).
The scientists and their institutions
In the United States in the early 20th century two institutions
became powerhouses of plant virus research under the direction
of Louis O. Kunkel. From 1924-1932, Kunkel was at the Boyce
Thompson Institute for Plant Research (BTI; Yonkers, NY) where he
established a plant virology program. In 1932, Kunkel and his virus
workers left the BTI for the Rockefeller Institute for Medical
Research (RIMR) in Princeton, New Jersey (Creager, 2002;
Scholthof and Peterson, 2006). For the next two decades, Kunkel’s
research at RIMR-Princeton was directed to the biochemistry and
biophysics of plant viruses, not ﬁeld virology (Corner, 1964). In
September 1950 the Princeton station was closed, a consideration
made in part for cost-savings and to consolidate research efforts in
New York City. Holmes, then an associate scientist, and Kunkel,
Table 2
Institutions associated with plant virology publications in Virology, 1955–1964.a
Country Location University/Institution 1955 1956 1957 1958 1959 1960 1961 1962 1963 1964 Total
USA California UC-Berkeley Virus Lab 2 3 5 5 5 4 3 4 2 2 35b
USA California UC-Berkeley 2 2 1 2 1 4 2 6 5 4 29
UK England Rothamsted 0 1 3 0 3 6 2 1 4 3 25
USA California UCLA 1 1 2 2 2 1 2 2 6 5 24
Japan Japan Nagoya 0 0 0 1 1 1 1 4 5 4 17
USA Illinois Illinois-Urbana 2 1 1 0 0 0 4 3 2 2 15
USA Wisconsin Wisconsin-Madison 1 2 0 5 1 2 1 2 1 0 15
Canada Canada Ag-Canada, Fredericton 0 0 1 0 1 1 2 8 2 0 15
UK England Cambridge Virus Res. 1 1 1 1 1 0 1 2 3 2 13
New Zealand Auckland Auckland/DSIRc 0 0 0 1 1 2 1 4 2 1 12
USA New York Cornell 2 0 0 0 0 1 4 0 2 2 11
USA New York RIMR-Princetond 2 3 0 2 0 2 1 0 0 0 10
USA Nebraska UN-Lincoln 0 0 0 2 1 0 2 1 1 3 10
a An arbitrary cutoff was made for a total of ten publications. Other institutions publishing in Virology included an aggregate of research sites in the Netherlands (9), the
Max Planck Institute for Virus Research in Tübingen (8), and the University of California-Davis (8). As this is a survey, the totals should be considered approximate.
b
The University of California-Berkeley Virus Laboratory, founded by W.M. Stanley, is considered separately from publications resulting from the plant pathology and
entomology programs at the University of California-Berkeley.
c Publications from the University of Auckland and the Department of Scientiﬁc and Industrial Research (DSIR) were pooled.
d The Rockefeller Institute for Medical Research (RIMR), Division of Plant and Animal Pathology, was located in Princeton, NJ. This station closed in 1950, at which point
the scientists relocated to the Rockefeller Institute in New York City.
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with emeritus status, transferred to the New York campus, now
Rockefeller University (Corner, 1964).
In 1931, Kunkel hired Wendell M. Stanley, directing him to
undertake “the chemical study of viruses, including TMV”
(Creager, 2002). Kunkel’s legacy extended to the Brooklyn Botanic
Garden (Brooklyn, NY) where Lindsay M. Black was directing a
well-regarded, fundamental plant virus research program from
1946 to 1952. In addition to work at private institutions, the
Rockefeller Foundation was funding plant virus research (fellow-
ships, laboratory equipment, travel, and research) in the United
States and abroad (Abir-Am, 2002, 2010). By mid-century a
striking shift had occurred in the US—the advances in plant
virology were increasingly associated with public universities
supported by federal funding, outcomes that are evident in
surveying Virology publications from 1955 to 1964 (Table 2).
Plant virologists were often associated with departments of
botany, plant pathology and entomology. Two land-grant universities
deserve particular attention in the decade under discussion: the
University of California-Berkeley and the University of Illinois-Urbana
(UI-Urbana). These locations, as will be elaborated below, are critical
to understanding Virology and virology from 1955 to 1964.
The ﬁrst instance of institutional relevance is shown with
Wendell M. Stanley, who received his B.S. at Earlham College,
followed by M.S. and Ph.D. degrees in chemistry at the UI-Urbana.
As noted above, in 1931 Kunkel hired Stanley at RIMR-Princeton
where he remained until 1948, at which time he was appointed
professor of biochemistry and director of the Virus Laboratory at
the University of California-Berkeley. In 1946, Stanley was awarded
a Nobel Prize for his work on TMV.
At Berkeley, Stanley’s “work decisively initiated the modern studies
of virus particles” (Butler, 1948). He continued his research with TMV,
in addition to fundamental studies of inﬂuenza virus and polioviruses
(Creager, 1996, 2002). Stanley also brought C. Arthur Knight to
Berkeley. During WWII, Knight had worked at RIMR with inﬂuenza
virus and was performing amino acid analysis of the capsid protein of
TMV strains. TMV continued to play a prominent research role at the
Virus Lab and was key in driving fundamental advances in several
subdisciplines of virology (Creager and Morgan, 2008; Creager et al.,
1999; Creager, 2002; Fraenkel-Conrat, 1981; Kay, 1986; Scholthof,
2004, 2014; Scholthof et al., 1999; van Helvoort, 1991; Zaitlin, 1998).
The “central plan” of Stanley’s Virus Laboratory was to focus on the
molecular biology of virus replication using “TMV as a model for polio
research” (Creager, 2002).
In 1952, Lindsay Black moved his plant virology program from the
Brooklyn Botanic Garden to the University of Illlinois-Urbana. Black
had joined RIMR-Princeton in 1936, working for a decade under the
direction of Kunkel, following completion of his Ph.D. in plant
pathology at Cornell University and undergraduate studies at the
University of British Columbia (Vancouver, Canada). At RIMR-Prince-
ton, Black continued his research on PYDV as well as initiating
studies on WTV, discovering that these leafhopper-transmitted
viruses could replicate in both their plant and insect hosts. In 1946,
Black became the Curator of Research at the Brooklyn Botanic
Garden. WTV, described as a type of plant cancer, was difﬁcult to
purify and study. Instead, under Black’s direction, beginning in 1947,
Myron K. Brakke worked with the more amenable PYDV, which
produced chlorotic lesions on Nicotiana rustica, providing a bioassay
to monitor the puriﬁcation protocols (Scholthof et al., 2011b). Brakke
used PYDV to develop the method of sucrose density gradient
centrifugation (Black, 1981; Brakke, 1979). In 1952, Black joined the
botany department at UI-Urbana. In 1955, he took on a joint
appointment with the new plant pathology department, until he
retired in 1975. Brakke was at Urbana from 1952 to 1955, when he
took a research chemist position with the USDA-ARS at the Uni-
versity of Nebraska-Lincoln in the Department of Plant Pathology
(Scholthof et al., 2008).
The importance of the RIMR and Kunkel’s scientiﬁc leadership is
underscored with several additional examples of scientists. Frank
Ross earned a Ph.D. in Agricultural Chemistry at the University of
Wisconsin in 1937, followed by three years at RIMR-Princeton.
During World War II, Ross was assigned to the US Quartermasters
Ofﬁce. Before joining the plant pathology department at Cornell in
1946 he worked at the University of Maine. In 1955 Ross was at the
Virus Laboratory at UC-Berkeley, with funding from the National
Foundation on Infantile Paralysis (Creager, 2002). In the same year
Ross was hired by the USDA-ARS with a joint appointment in plant
pathology at Cornell with an assignment to work on viruses of oats.
In the inaugural issue of Virology, Ross published two papers with his
Ph.D. student, William F. Rochow (Rochow and Ross, 1955; Rochow
et al., 1955). Rochow also was hired by the USDA-ARS with a joint
appointment in plant pathology at Cornell, where he began his work
on aphid transmission of Barley yellow dwarf virus in small grains
(Rochow, 1960; Rochow and Brakke, 1964; Rochow and Pang, 1961).
The strong international presence in Virology was, in part, I
suggest, a result of long-lived scientiﬁc links that had been
initiated with the leadership of Kunkel at the BTI and the RIMR-
Princeton. For example, scientists in the UK, especially those at
Rothamsted (25 papers) and Cambridge (25 papers) published in
Virology in the ﬁrst decade; as did Australian and Japanese
scientists, with 17 papers each from the University of Nagoya
(Japan) and the Waite Institute/University of Adelaide. Plant
virologists in Canada also were making their mark in Virology,
with ﬁfteen papers in the ﬁrst decade coming from the Canada
Agriculture Research Station in Fredericton, New Brunswick. In
1962 alone, Roy H. E. Bradley at the Fredericton Station published
eight manuscripts in Virology. Bradley had trained at Rothamsted
(UK), working on Henbane mosaic virus, a potyvirus. He also
collaborated with Edward S. Sylvester, an entomologist at UC-
Berkeley, who took a sabbatical with Bradley in the early 1960s,
which resulted in co-authored a paper in Virology (Bradley and
Sylvester, 1962).
The Fredericton Station was considered one of the top ﬁve
potato research stations in the world, with a focus on plant viruses
and entomology, and it was one of Agriculture Canada’s “largest and
best-ﬁnanced research institution[s]” (Turner and Molyneaux,
2004). Prior to closing in 1960, the research mission was to develop
disease resistant potatoes, particularly to Potato leafroll virus (PLRV)
—a priority due to “soaring aphid populations in the 1940s” (Turner
and Molyneaux, 2004). The persistent transmission of PLRV by
aphids was mostly solved by 1950 with applications of the pesticide
DDT, with lesser successes in controlling non-persistent aphid
transmission of PVY (Turner and Molyneaux, 2004). Attention was
then directed to PVX and other alphabet potato viruses (A, B, and C).
As described by historians Turner and Molyneaux, to develop
control strategies for these viruses it was necessary for virology to
transition from the ﬁeld (breeding plots, pest management) to the
laboratory. This required scientists with expertise in serology, virus
puriﬁcation, and (virus-free) potato certiﬁcation (Turner and
Molyneaux, 2004). Many of the publications from the Fredericton
Station describe puriﬁcation of viruses and production of high
quality antiserum for diagnostic assays. The viruses and sera were
used to study the speciﬁcity of aphid transmission and the effects of
various treatments, including electrostatic charges, mineral oils, and
ultraviolet light on transmission.
Strong virus research programs were also in evidence in Japan,
particularly at Nagoya University and Hokkaido University (Sap-
poro). The immediate years following WWII, as remembered by
Seiji Ouchi, a plant pathologist at Kinki University (Nara, Japan), was
a time of acute food shortages that “persisted for at least ﬁve years
after the war and forced scientists to stop their research not only
because of the hunger but also the unavailability of experimental
materials” (Ouchi, 2006). From this it is remarkable that there is a
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signiﬁcant Japanese research presence in Virology in the ﬁrst decade
of publication.
For virologists, Rice dwarf virus (RDV) is of particular interest as the
pioneering work on leafhopper transmission was performed by
Teikichi Fukushi and Eishiro Shikata (Fukushi and Shikata, 1963a,b;
Fukushi et al., 1962) and co-workers at Hokkaido University (Kojima,
2003), with an emphasis on electron microscopy (EM) and virus
puriﬁcation. TMV EM work also was a particular research strength at
Nogoya, with Virology publications by Chiaki Matsui and co-workers
on the ﬁne structure of several viruses including TMV, PVX and
potyviruses in infected plant and insect cells (Hayashi and Matsui,
1963Hibino and Matsui, 1964; Kikumoto and Matsui, 1961, 1962;
Matsui, 1959; Matsui et al., 1963; Matsui and Yamaguchi, 1964a,b;
Yamaguchi et al., 1963).
Importantly, Japanese scientists gained access to the extensive
network of virologists who had been at RIMR-Princeton, several of
whom were associated with Virology. One example, is given by Karl
Maramorosch, then at the BTI (Yonkers, NY). Maramorosch had
previously worked for Black at the Brooklyn Botanic Garden and with
Kunkel at the RIMR-Princeton. When Maramorosch purchased a
Siemens Elmiscope he invited Shikata (Hokkaido), who had been the
ﬁrst to observe a virus in both the plant and insect host
(Maramorosch, 2007; Shikata and Maramorosch, 1965; Shikata et al.,
1964) to the BTI. Following a successful two-year collaboration, Shikata
returned to Japan, in time succeeding Fukushi as head of the botany
and plant pathology departments at Hokkaido University
(Maramorosch, 2007). These sorts of scientiﬁc interactions would be
important for promoting and developing the scientiﬁc reputation of
Virology in the ﬁrst years of publication.
Funding
With the current struggles for research funding in the 21st
century, it is interesting to look at the sources for the ﬁrst decade
of Virology. Grants for research were relatively new in the 1950s,
with the NIH establishing the Research Grants Division in 1948
and a directive to form panels for scientiﬁc and technical review of
grant proposals. In 1946 the American Cancer Society (ACS) began
funding research, a result of fund raising spearheaded Mary Lasker.
The US Atomic Energy Commission (AEC) was created in 1947 to
bring atomic energy to commercial practice (atoms for peace) with
associated funding for biological research (Creager, 2013) and the
NSF, established in 1950, began awarding grants in 1952.
In 1955, the institutions with funding, based on the acknowl-
edgments, included UCLAwith funds from the AEC and the Ofﬁce of
Naval Research (ONR), which early on was the parent organization
of NSF (Abir-Am, 2010); the UC-Berkeley Virus Lab, with funding
from the NIH; and UI-Urbana with ACS funding. In 1956, UI-Urbana
picked up funding from NSF and again in 1957 when Black was
Table 3
Virology editors and the associate editors with a research interest in plant viruses, 1955–1964.
1955 1956 1957 1958 1959 1960 1961 1962 1963 1964
Editors
G. K. Hirstn x x x x x x x x x x
L. M. Black x x x x x x x x x x
S. E. Lurian x x x x x x x x x x
M. K. Brakken x x x x
Associate Editors
C. W. Bennett x x x
R. J. Best x x x
R. H.E. Bradley x x x
J. Brandes x
M. K. Brakken x x x
S. S. Cohenn x x x x
T. O. Dienern x
H. Fraenkel-Conratn x x x
R. W. Fulton x x x x x x
F. O. Holmes x x x
R. Horne x x x
P. J. Kaesbergn x x x
B. Kassanis x x x
A. Kleczkowski x x x
C. A. Knight x x x x x
K. Maramorosch x
R. Markham x x
R. E. F. Matthews x x
G. Melchersn x x x
G. Pound x x
A. F. Ross x x x x x
W. F. Rochow x x x
H. K. Schachmann x x
A. Siegel x x x x x x
R. L. Steere x x x
W. N. Takahashi x x x
J. P. H. van der Want x x
S. G. Wildman x
H. G. Wittmann x x x
R. C. Williamsn x x
C. E. Yarwood x x x x x
An asterisk (n) following a name indicates a member of the National Academy of Sciences (USA). Additionally, Luria received a Nobel Prize for Physiology and Medicine
(1969). Scientists who published using plant viruses in the ﬁrst decade of Virology are included in this Table.
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awarded $22,000 for a three year study on virus:vector interactions.
At Washington University (St. Louis, MO) research was funded in
part by the National Foundation for Infantile Paralysis (NFIP; later,
The March of Dimes) and at the University of Pittsburgh funds were
provided by NSF, Lilly Research Lab and the Eli Lilly Company. In
1957 Stanley’s Virus Lab at UC-Berkeley had funding from the NFIP,
NIH, NSF, and the Rockefeller Foundation, and further strengthened
their programwith additional funds from the ONR and Lederle Labs.
From 1960 to 1964, it was increasingly common to ﬁnd acknowl-
edgments of funding from NSF and NIH.
As iterated by scientists of the era it was relatively straightfor-
ward to obtain funding. For example, as remembered by Robert R.
Wagner “even moderately reputable scientists were a scarce com-
modity and they had to turn down funds and reject offers to write
applications solicited by newly mandated governmental and private
research agencies” (Wagner, 1996). Truly it was a different time.
Competing publications
As a new journal, Virology had to compete with long-
established English-language publications including Nature,
Science, Proceedings of the National Academy of Sciences (USA),
Journal of Biological Chemistry, Journal of the American Chemical
Society, Biochimica et Biophysica Acta, Phytopathology, and Annals of
Applied Biology. There also were other draws for publication and
discussion of top-notch virology research, especially the Cold
Spring Harbor Quantitative Biology Symposia. Germany also had
well-respected journals including Naturwissenschaften and lesser
journals of the day, such as Zeitschrift für induktive Abstammungs-
und Vererbungslehre (now Molecular and General Genetics) that
Mundry recalls being propped up by Georg Melchers, the director
of the Max-Planck Institute in Tübingen (Germany) (Mundry,
1999). From 1959, there was an increasing presence of papers in
Virology from Tübingen, co-incident with Melchers serving a
three-year appointment as an associate editor (Table 3). Although
outside the focus of this essay, the signiﬁcant advances made by
German scientists on the molecular biology of TMV have been
discussed in detail by others (Creager, 2002; Kay, 2000; Mundry,
1999).
Considering this, how was it possible to develop a journal of
narrow specialization? Most obviously, the editors, including
Lindsay Black, his plant virology associate editors (Table 3), and
their former students, research fellows, and collaborators (many of
whom had scientiﬁc links to Kunkel) were key to establishing
Virology by populating it with manuscripts in the early years.
In fact, scientists at land-grant universities, the USDA, and US
agricultural research stations and centers were the primary
producers of plant virus research published in Virology from
1955 to 1964 (Table 2). For example, UC-Berkeley scientists
published 64 papers, of which 38 were from Stanley’s Virus Lab;
the University of Illinois, the University of Wisconsin, UCLA, and
Cornell also contributed to Virology.
Virology, an American publication, had strong plant virology
connections with UK and Canadian scientists (Table 2). Although
Virology was primarily for basic research, there were instances of
publications with translational research or ﬁeld results. Phytopathol-
ogy was a venue for publications on vector transmission, virus
puriﬁcation, and serology. In the UK the roughly parallel options
were Annals of Applied Biology and the Journal of General Micro-
biology. Research with a more biochemical focus was published in
Archives of Biochemistry and Biophysics, and general virology was
found in the Proceedings of the National Academy of Sciences, Science,
and Nature.
There were increasing examples of virology emerging as a
discipline. In 1953 Advances in Virus Research was established with
the “focus of interest . . . the virus, not the disease” (Smith and
Lauffer, 1953). Kenneth Smith and Max Lauffer, a biochemist at the
University of Pittsburgh, were the founding editors. Once again, there
were links to RIMR-Princeton: Lauffer had worked with Stanley on
TMV and inﬂuenza virus from 1937 to 1944; and in 1939, Smith was
a visiting Fellow with Kunkel. Also in 1939, Smith became the
director of the Virus Research Station at Cambridge (UK) further
strengthening the ties between scientists at these institutions. As
noted by Smith and Lauffer, “virus research is carried out by
individuals representing widely diversiﬁed specialties in the physical
and biological sciences” (Smith and Lauffer, 1953). Advances in Virus
Research was intended to have a broad readership of plant pathol-
ogists, entomologists, bacteriologists, veterinarians, and physicians
who “should all be interested in the study of viruses and virus
diseases”.
The Cold Spring Harbor Symposia on Quantitative Biology, estab-
lished in 1933, also shows the increasing interest in viruses and the
advances in the discipline. The topic of the 1953 symposium was
“Viruses”, mostly devoted to bacteriophage, with a few animal virus
papers and strikingly little attention paid to plant viruses. Max
Delbrück (Caltech), in his introductory remarks, acknowledged that
plant viruses “have led the ﬁeld for twenty years in all matters of
physico-chemical characterization of the particles in the infective
state” (Delbrück, 1953). But, for Delbrück, plant virus biology had not
progressed as with phage, in part because “very large numbers of
[plant] virus particles are needed to give a minimal biological effect”,
which made for little progress in understanding replication, assembly,
or recombination—avenues of study in which workers with phage
had excelled. A decade later, extraordinary advances in animal and
plant virology were reported at the Cold Spring Harbor Symposia. The
1962 meeting proposed a system for organization of viruses, stan-
dardized the terminology, and Donald Caspar and Aaron Klug limned
the principles of virus structure (Caspar and Klug, 1962). The 1963
meeting on “Synthesis and Structure of Macromolecules” included the
path-breaking paper by Heinz-Günter Wittmann and Brigitte
Wittmann-Liebold that experimentally answered a key question for
molecular biologists: how is the amino acid sequence of a protein
determined (Wittmann and Wittmann-Liebold, 1963). This work
began in 1957, when Wittman returned to Tübingen, after a post-
doctoral fellowship with Knight at the UC-Berkeley Virus Laboratory
(Mundry, 1999). Both Wittman and Wittmann-Liebold worked out
the amino acid analyses of TMV CP and later, how the RNA coded the
amino acids, discovering the triplet codon structure (co-incident with
the Berkeley group). Other meetings had a strong plant virus
presence, such as the 1955 Ciba Foundation Symposium on “The
Biophysics and Biochemistry of Viruses”, published as "The Nature of
Viruses" in 1957 (Wolstenholme and Millar, 1957).
The ﬁrst journal devoted solely to virology (Norrby et al., 1975)
was founded in 1939 as Archiv für die gesamte Virusforschung,
renamed Archives of Virology in 1975. Both the Journal of General
Virology and the Journal of Virology established publication in 1967.
The Journal of General Virology published the ﬁrst issue in January
1967 with a single plant virus paper on Tobacco rattle virus (TRV)
(Frost et al., 1967) alongside 15 papers on animal/human viruses
and one on actinophage. This journal was founded by the Society
for General Microbiology, in the UK, to take some of the publication
pressure off of the Journal of Microbiology, as almost 15% of the
published papers were on viruses. By the second issue of the Journal
of General Virology one-fourth of the papers were plant viruses with
two on TRV and one each on TMV and Maize mosaic virus. The
American Society for Microbiology published the ﬁrst issue of the
Journal of Virology in February 1967, with the intent of focusing on
animal viruses, as narrated Wagner, who was the ﬁrst Editor-in-
Chief: “Another decision of mine was not to portray the Journal of
Virology as a major outlet for plant virology research, essentially
because our competitor, Virology, had emphasized plant viruses to
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such a degree that this area had become a paramount part of their
publishing effort and most plant virologists looked upon Virology as
their journal.” (Wagner, 1999).
This was more than a perception. In the ﬁrst issue (May, 1955)
four of nine papers in Virology were on plant viruses. In volumes
1 and 2, 35% and 24%, respectively, of the papers were on plant
viruses, a trend that continued through 1965 with 20% of Virology
contributions addressing plant viruses. That said, with overlapping
editorial boards and missions, a preponderance of publications
were on animal viruses—upwards of 88% of all papers, for both
Virology with a focus on “basic virology” and Journal of Virology
emphasis on “molecular virology” (Wagner, 1999).
Techniques: the focus of the ﬁrst decade
In ranking the top twenty-ﬁve plant virus papers, by citation, in
Virology between 1955 and 1964, technique-based papers were highly
cited, with key contributions for virus puriﬁcation and nucleic acid
biochemistry (Table 4). Four papers have had in excess of 500 citations
each through 2014: two papers from the Berkeley Virus Lab were on
TMV RNA puriﬁcation and stabilization (Fraenkel-Conrat, 1957;
Fraenkel-Conrat et al., 1961), one on EM methodology (Markham
et al., 1963), and Ross’ seminal paper on systemic acquired resistance
(Ross, 1961b), which is still highly cited today (155 citations from 2004
to 2014). The top ﬁve papers ranked by citation numbers in the ten
years following publication in Virology are discussed in greater detail
(Fraenkel-Conrat, 1957; Fraenkel-Conrat et al., 1961; Horne and Wildy,
1961; Markham et al., 1963; Rushizky and Knight, 1960) (Table 4).
Advances in RNA Virus Studies: Bentonite and RNA Sequencing. In
1956, in the Journal of the American Chemical Society, Heinz Fraenkel-
Conrat reported that he had isolated RNA from four TMV strains and
capsid protein (CP) from two TMV strains (common and Holmes’
ribgrass) for reconstitution experiments, ﬁnding the nascent CP was
similar to the RNA-parent, not the CP used for reconstitution of
hybrid (Fraenkel-Conrat, 1956). Yet the RNA alone was not as
infectious as the particles, which was conﬁrmed the same year by
Alfred Gierer and Gerhard Schramm at the Max-Planck Institute for
Virology (Tübingen, Germany) who published their ﬁndings in
Nature (Gierer and Schramm, 1956). The RNA, not the protein, was
the key to decipher the genetics of TMV. In Virology Fraenkel-Conrat
wrote that “the ribonucleic acid seems to represent the main genetic
determinant even for the progeny protein in the TMV strains”
(Fraenkel-Conrat et al., 1961)– results that were conﬁrmed by
serology and, later, by amino acid analyses. The virologists were
closing in on an answer to a difﬁcult question: “What makes a
Table 4
Top twenty-ﬁve plant virus papers published in Virology, 1955–1964, based on citations.
Titlen Authors Yeara Ten
Yearsb
Totalc Average
Per
Yeard
Puriﬁcation of viral RNA by means of bentonite Fraenkel-Conrat, Singer, and Tsugita 1961 365 652 12.07
Methods for enhancement of image detail and accentuation of structure in electron
microscopy
Markham, Frey, and Hills 1963 252 585 11.27
Symmetry in virus architecture Horne and Wildy 1961 151 217 4.04
Degradation of tobacco mosaic virus with acetic acid Fraenkel-Conrat 1957 142 537 9.29
An oligonucleotide mapping procedure and its use in the study of tobacco mosaic virus
nucleic acid
Rushizky and Knight 1960 108 127 2.31
Effects of bentonite on infectivity and stability of TMV-RNA Singer and Fraenkel-Conrat 1961 67 95 1.76
Some morphological characters of rice dwarf virus Fukushi, Kimura, and Shikata 1962 59 85 1.60
Anatomy of tobacco mosaic virus Markham, Hills, Frey, and Hitchborn 1964 59 117 2.29
Relationship between virus particle size and ﬁlterability through gradocol membranes Black, F. L.e 1958 56 71 1.25
Studies on acridine orange staining of two puriﬁed RNA viruses: poliovirus and tobacco
mosaic virus
Mayor and Diwan 1961 56 87 1.61
Isolation and composition of all tryptic peptides of TMV Wittmann and Braunitzer 1959 56 68 1.21
Reconstitution of tobacco mosaic virus. IV. Inhibition by enzymes and other proteins, and
use of polynucleotides
Fraenkel-Conrat and Singer 1964 53 98 1.94
Electron microscopy of host cells infected with tobacco etch virus. I. Fine structures of leaf
cells at later stages of infection
Matsui and Yamaguchi 1964 53 57 1.12
Classiﬁcation of elongated plant viruses on the basis of particle morphology Brandes and Wetter 1959 52 120 2.16
Electron microscopy of wound-tumor virus Bils and Hall 1962 50 54 1.02
Properties of nucleoprotein fractions isolated from turnip yellow mosaic virus
preparations
Matthews 1960 48 102 1.85
On the size of the protein subunits in bushy stunt virus Hersh and Schachman 1958 46 78 1.37
Infectivity of tobacco ringspot virus nucleic acid preparations Kaper and Steere 1959 46 49 0.88
The early events of infection with tobacco mosaic virus nucleic acid Siegel, Ginoza, and Wildman 1957 46 57 0.98
Localized acquired resistance to plant virus infection in hypersensitive hosts Ross 1961 43 228 4.22
Puriﬁcation of cucumber mosaic virus Scott 1963 42 76 1.46
Puriﬁcation and properties of bean pod mottle virus and associated centrifugal and
electrophoretic components
Bancroft 1962 41 64 1.21
Puriﬁcation of sour cherry necrotic ringspot and prune dwarf viruses Fulton 1959 41 78 1.39
Systemic acquired resistance induced by localized virus infections in plantsf Ross 1961 41 530f 9.81
Estimation of sedimentation constants of viruses by density-gradient centrifugation Brakke 1958 39 72 1.26
n Citations for the top twenty ﬁve papers: Bancroft (1962), Bils and Hall (1962), Black (1958), Brakke (1958), Brandes and Wetter (1959), Fraenkel-Conrat (1957),
Fraenkel-Conrat and Singer (1964), Fraenkel-Conrat et al. (1961), Fukushi et al. (1962), Fulton (1959), Hersh and Schachman (1958), Horne and Wildy (1961), Kaper and
Steere (1959a), Markham et al. (1963, 1964), Matsui and Yamaguchi (1964b), Matthews (1960), Mayor and Diwan (1961), Ross (1961a,b), Rushizky and Knight (1960), Scott
(1963), Siegel et al. (1957), Singer and Fraenkel-Conrat (1961), Wittmann and Braunitzer (1959).
a Year of publication in Virology.
b Total number of times cited ten years from publication year. Ranking for this Table is based on the 10-year column.
c Total number of times cited from publication year through 2014.
d Average number of times cited per year from publication year through 2014.
e This citation is for Francis L. Black (Yale University). All remaining citations to “Black” are for Lindsay M. Black (Brooklyn Botanic Garden and University of Illinois-Urbana).
f The paper by Ross (1961b) is discussed, as it is a “top 5” paper for total citations through 2014, although not ranked within the ﬁrst ten years following publication.
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simple aggregate of protein and nucleic acid able to cause an
infectious disease? (Fraenkel-Conrat, 1981).
In 1961 Fraenkel-Conrat followed up on an observation that
bentonite, a clay, effectively adsorbed yeast ribonucleases and
proteinases (Brownhill et al., 1959). In Virology, the Berkeley group
showed that “the treatment of viral RNAwith this clay was found to
protect, stabilize, and potentiate the infectivity of TMV-RNA”
(Fraenkel-Conrat et al., 1961; Singer and Fraenkel-Conrat, 1961)
and by monitoring 35S-labeled virus protein, these preparations
were shown to be essentially protein free. Importantly, these RNA
preparations “were at least as infectious as those containing 25
times as much protein, [thus]… it seems established beyond doubt
that the traces of proteinaceous or peptidic material play no
functional role” in TMV infection (Fraenkel-Conrat et al., 1961).
Within ﬁve years this paper was cited 130 times, and in a ten year
window it was cited 4350 times. Of the plant virus papers
published in the ﬁrst decade of Virology, this paper has been cited
652 times. (The accompanying paper by Singer and Fraenkel-Conrat
(1961), on TMV RNA infectivity and stability with bentonite treat-
ment, was cited forty times within a ﬁve year window).
George W. Rushizky, who had completed his Ph.D. in 1959 with
Arthur Knight at the Berkeley Virus Lab, used two-dimensional
electrophoresis paper chromatography of phenol-extracted TMV
RNA treated with pancreatic ribonuclease to map the “precise
sequence of the nucleotides” (Rushizky and Knight, 1960). This
advance was “providing a preliminary indication of similarities and
differences in the nucleotide sequences of different ribonucleic
acids, such as those of virus strains (variants)” (Rushizky and
Knight, 1960). The determination that the RNA was infectious and
it was the genetic template rapidly transitioned virology from
protein chemistry to nucleic acids, and from host range assays to
molecular genetics. Using bentonite to stabilize the RNA, new
possibilities were at hand for understanding how RNA viruses, not
just TMV, caused disease.
Machines: Centrifuges and Electron Microscopes. Electron micro-
scopes made it possible to see viruses and to conﬁrm the results of
biophysicists. Upon inspection of the top 25 papers (Table 4), it is
revealing how impactful this technique was for plant virology. In
fact, as narrated by Horne there is a deep “link between the
construction of the earliest experimental electron microscopes
and the structure of tobacco mosaic virus” (Horne, 1999). In Ernst
Ruska’s laboratory in 1939, using “prototypes for a commercial
version”, it was ﬁrst determined that TMV was ca. 15 nm 
150 nm (Horne, 1999).
By 1954 “a new breed of high resolution electron microscopes
was in production with a routine performance of 10 Å or better”
(Horne, 1999). In the ﬁrst issue of Virology, Rochow and Ross (Cornell)
used an electron microscope to count PVX and PVY particles to
conﬁrm local lesion assays that showed PVX was greatly increased
during mixed infection with PVY, while PVY remained essentially
constant (Rochow and Ross, 1955). The paper was a proof of principle
that counting virus particles by EM gave essentially the same results
as counting lesions on inoculated leaves or precipitin tests using
virus-speciﬁc antiserum. Curiously, no photomicrographs were
shown, only tabulated data. Today, EM seems an unnecessarily
cumbersome process, but as noted by the authors, it was a means
by which to determine, or show, if leaf extractions and biological
assays could affect the infectivity of the virus—EM could be used to
count units and correlate it with biological information.
Similar work was performed to determine if aphid stylets retained
TMV. The aphid exudate was tested for TMV by rub inoculation to
Nicotiana glauca, by serology, and inspection by EM (van Soest and de
Meester-Manger Cats, 1956). In no instance was virus detected
indicating that aphids could not “trap” TMV on stylets. Several
additional manuscripts in Virology used EM to verify puriﬁcation and
to visualize unusual viruses and localization in the host cell (Black
et al., 1963; Kitajima, 1965), such as Tomato spotted wilt virus as well as
Rice dwarf virus, which was identiﬁed in rice plants and leafhoppers
(Fukushi et al., 1962). By 1965, it was shownwith histograms following
negative staining, that extracts of infected host plants were suitable for
visualization of 14 viruses, suggesting that EM had become an
accepted, and even routinely used tool for plant virus workers
(Hitchborn and Hills, 1965).
In 1951, Brakke ﬁrst described his sucrose density gradient
centrifugation technique (Brakke, 1951, 1953; Brakke et al., 1951), but
it was several years before it was taken up as an essential and
established tool of the virologist. In 1956, a Virology paper from
Stanley’s Virus Lab used sucrose density gradients to purify TYMV,
followed by electron microscopy to determine the features of the
“abnormal protein” (T-component). Russell Steere and co-workers
determined that both particles were 25 nm in diameter, but only
the virions (B-component) had nucleic acid and were infectious
(Cosentino et al., 1956). The ﬁndings were in agreement with those
reported previously by the Cambridge virologists (Markham et al.,
1948). The abnormal protein was not infectious but it had the same
amino acid composition as TYMV virions. Yet it was not until a 1959
paper in Virology that Kaper and Steere isolated an “infectious
ribonucleic acid fraction” from puriﬁed virions and showed it alone
recapitulated the virus infection (Kaper and Steere, 1959b). “In retro-
spect”, for Matthews, it was “difﬁcult to explain how, in a laboratory
making viral RNAs almost daily over a period of years, no one thought
to test the infectivity” (Matthews,1981). Matthews could “only assume
that there was a general yet un-discussed assumption that the protein
as well as the RNAmust be essential for biological activity” (Matthews,
1981)—an assumption discredited by the TMV workers at Berkeley
and Tübingen (Fraenkel-Conrat, 1956; Fraenkel-Conrat and Williams,
1955; Gierer and Schramm, 1956).
Virus Structure. Two of the top-ﬁve papers discussed here
(Table 4) are on virus structure. To crystallize plant viruses required
expertise with the technological tools of the day: Holmes’ local lesion
assay, isolation of pure cultures from the local lesions, serology,
puriﬁcation protocols derived by principles of colloid chemistry,
density gradient and differential centrifugation, and the electron
microscope. Horne and Wildy (1961) published a masterful paper in
Virology, providing a superb tutorial of virus structure, building on
theoretical work of James Watson and Francis Crick and the
structural data and ideas of Rosalind Franklin, Don Casper and Aaron
Klug (Creager and Morgan, 2008). At the time, the packaging of TMV
had been determined, but the mechanism by which the symmetry of
virus architecture was realized by RNA and capsids interactions was
not obvious. Horne and Wildy (1961) went beyond the expected
examination of “the chemical, serological and morphological fea-
tures” of viruses, to use both mathematics and biological data to
show 5:3:2 symmetry required 60 capsid subunits for isometric
viruses, and this held for plant, animal, and bacterial viruses. They
used these basic principles of packaging to explain the plethora of
shapes evident by electron microscopy. The beauty (and practicality)
of this paper is revealed in the discussion: “The most natural way to
build a structure is to consider it from a mathematical point,” a
comment made by Robert Hooke in 1665 (Horne and Wildy, 1961).
Horne and Wildy provided the framework that holds today with
their evidence-based proposal of three basic conformations of
viruses: cubic (TBSV, TYMV, adenovirus, poliovirus), helical (TMV,
Beet yellows virus) and other (poxvirues, phage). They also delved
into the classiﬁcation quagmire ﬁnding that shapes observed by
electron microscopy do not necessarily inform the true biological
structure since puriﬁcation schemes may alter “appendages” such
as membranes and bacteriophage tails. And to create a further stir,
obviously intended for Holmes, “ﬁnally, we would strongly plead
against the introduction of fanciful binomial terms at least until
such time as the species and their interrelationships are under-
stood” (Horne and Wildy, 1961).
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Making the Invisible Visible: Ultraviolet Irradiation, Nucleoside
Analogs, and Radioisotopes. In 1956, Siegel and Wildman at UCLA,
irradiated TMV RNA with ultraviolet light (254 nm) to determine the
time-course of virus infection using Nicotiana glutinosa (Siegel and
Wildman, 1956). Wildman had received his Ph.D. in 1944 at the
University of Michigan on the isolation of auxin. He then moved to
the California Institute of Technology (Caltech; Pasadena, CA) for a
postdoctoral fellowship with James Bonner. Together they coined the
term “phytotron” and isolated Rubisco, the most abundant protein in
the world (Wildman, 1992). While at Caltech, Wildman used TMV to
investigate protein synthesis and continued his TMV research at
UCLA, when he joined the botany faculty in 1950. As remembered by
Siegel (1999), the experiments followed those of Luria and Raymond
Latarjet who irradiated phage prior to infection tests using plaque
assays (Luria, 1984; Luria and Latarjet, 1947). The UCLA scientists
showed that irradiation immediately following TMV inoculation was
prohibitive to lesion formation (infection) and that different strains of
TMV had variable sensitivity to ultraviolet light, which “demon-
strated that irradiation was killing the infectious agent and not the
leaf cells” (Siegel, 1999). The Siegel and Wildman RNA study revealed
that the capsid protected TMV RNA from damage by ultraviolet light,
a ﬁnding that was made prior to Frankel-Conrat’s transencapsidation
studies. Siegel and Wildman treated leaves with UV light at various
time-points following inoculation, reporting a replication lag of ca.
2 h when virions were the inoculum; when TMV RNA was the
inoculum, the infection proceeded “instantaneously” (Siegel, 1999).
The authors suggested that the lag time was a preparatory phase—
which was later shown to be co-translational disassembly (Wilson,
1984).
In the mid-1950s, nucleoside analogs and radiolabelled bases and
amino acids were increasingly common tools for virus studies. By
watering the plants or soaking individual leaves in base analogs (8-
azaguanine, 2-thiouracil, and 5-ﬂuorouracil) or isotopes (uracil-2-C14
and adenine 8-C14), these unnatural bases were incorporated into
virus RNA. Subsequent isolation of virions and amino acid sequencing
of capsid protein could reveal if base changes had occurred and if there
were biological alterations of symptomology or host range. In addition,
the method was used to monitor the synthesis of virus RNA. The
availability of isotopes in the post-WWII era gave great advantage to
the Berkeley workers (Creager, 2013). In 1960, Matthews was using 32P
and 35S from Amersham, with funding from the Rockefeller Founda-
tion. Radio-labeled TYMVwas isolated from plants, puriﬁed on sucrose
density gradients and the identity of the particles conﬁrmed by
serology. The TYMV top component (empty shells) was labeled with
35S only, but infectious virions (bottom component) were co-labeled.
By 1963, Matthews noted that 14C-valine would be preferable for the
capsid labeling, but he had made fundamental advances to virus
biology, including suggestions that empty shells might be precursors
to "steps in the assembly of the complete RNA complement" (resulting
in infectious virions) or "postcursors" —shells without infectivity—in
either case more studies were needed to determine the interactions of
the RNA and capsid proteins (Matthews, 1960).
Innate Immunity in 1961: A delayed reception. Ross published
back-to-back papers in 1961 in which he developed the idea of
systemic acquired resistance (SAR) (Ross, 1961a,b). With a Ph.D. in
plant pathology from Cornell, Ross had continued his training at
RIMR-Princeton, prior to his appointment to the Cornell faculty.
The paper “Systemic acquired resistance induced by localized virus
infections in plants” is a plant pathology classic (Ross, 1961b) with
530 citations since publication, being cited 41 times in the decade
following publication (Table 4). More strikingly, however, was the
resurgence in citations from 1991 to 2014, with the manuscript
being cited 391 times. The ﬁrst paper by Ross (1961a) was an
investigation of the host response to TMV, PVX and several other
viruses in challenge assays using Samsun NN and N. glutinosa of
Holmes (Holmes, 1938; Scholthof, 2014). Ross reported that
“superﬁcially, at least, … localized acquired resistance may be
quite common” and “not always pathogen speciﬁc” (Ross, 1961a).
That is, for example, TMV inoculated to N-gene plants could
protect the plant from subsequent infection by heterologous
viruses. The highly cited second paper, necrotic local lesions on
N-gene plants following TMV inoculation were able to protect the
remainder of the plant from subsequent infection. Ross extended
this to report “resistance develops under a wide variety of
conditions, provided only that some part of the plant is infected
by a necrosis-inducing virus. The resistance develops rapidly
during the period of most active virus multiplication in the
localized areas, and it ceases to develop when the most rapid
phase of virus multiplication is completed. Within limits, the level
of resistance attained is at least roughly proportional to the
number of areas in which virus multiplication is occurring, i.e.,
the number of spreading necrotic lesions” (Ross, 1961b).
Ross was not the ﬁrst to report on local acquired resistance. A
review by W. C. Price, who was also at the BTI and RIMR under the
direction of Kunkel, showed that acquired immunity, using this
speciﬁc phrase, was clearly a topic of interest to pathologists in the
1920s. Some of the ﬁrst work on acquired immunity was performed
by Kunkel (Price, 1940). Within the Kunkel group, Black, Price, and
Ross followed with an increasing interest in both cross protection
(cross immunity) and acquired immunity. Ross showed that inocula-
tion with necrotic strains of TMV, PVX, CMV and Tobacco necrosis virus
generally protected plants from subsequent TMV infection—that is,
there was SAR for heterologous viruses and therefore “the resistance is
not caused directly by virus multiplication per se, for it is not induced
by viruses that do not cause necrosis” (Ross, 1961a). This acquired
immunity, Ross suggested, might be akin to interferon-type resistance
in animals cells. He set the stage for plant innate immunity research,
but the advances by plant-microbial biologists, primarily using phy-
topathogenic fungi and bacteria, would come at the close of the 20th
century by plant-microbial biologists.
This is by my estimation the most important plant virology
paper in Virology in the period under investigation, with its
scientiﬁc signiﬁcance spanning six decades (and counting). The
other papers, primarily tools and techniques, made it possible to
advance our study of viruses. Yet as Wildman explicitly commen-
ted in “Plant Pathology: Problems and Progress, 1908–1959” there
was a “paucity of exact knowledge of what the virus is doing in the
plant cell”; in the decade under consideration, the primary efforts
had been “extracellular”, that is the biochemistry and structural
features of the virus particle (Wildman, 1959). Ross’ SAR paper
challenged plant pathologists to consider how the host was
responding to virus infection which would lead to fundamental
advances in the molecular aspects of plant–microbe biology.
Conclusion
Reading the ﬁrst decade of plant virus papers in Virology, I ﬁnd
several broad general outcomes in addition to the ﬁnding that roots of
plant virology in the mid-20th century trace back to the powerful and
key scientiﬁc direction provided by L. O. Kunkel, ﬁrst at the Boyce
Thompson Institute for Plant Research (Yonkers, NY) and then at the
Rockefeller Institute for Medical Research (Princeton, NY) covering the
period ca. 1924–1960. Also of key importance was funding, although in
the earlier years it was primarily private, coming from Col. Boyce
Thompson and John D. Rockefeller (Corner, 1964; Creager, 2002, 2013;
Hagedorn, 1935; Scholthof, 2014; Scholthof and Peterson, 2006). In the
decade under consideration, plant virology research in the US was
funded by the Rockefeller Foundation, ACS, NSF, and the NIH.
For the virology itself, there are three key ﬁndings: (i) the
techniques drive the science, (ii) plant virologists take up new
viruses as a result of techniques and in response to real disease
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problems, and (iii) plant virologists become associated with “their”
individual viruses. In perusing recent plant virus publications in
Virology these trends remain generally true—with a little imagina-
tion our ‘roots’ in the ﬁrst exiting decade of Virology are evident in
the shoots of current research. Yet it is striking to realize that
several of the classic techniques, many of which were developed by
virologists, are falling by the wayside in the ‘omics era. Graduate
students today may not be familiar with pouring sucrose density
gradients, ultracentrifugation, using radioisotopes to label nucleic
acids and proteins, electron microscopy—especially as a diagnostic
tool—or, preparation of antiserum by injection of pure virus into
rabbits. Although the techniques have changed there is much to be
learned in reading the papers discussed here—and many classics
that space did not permit acknowledging. There are many instances
of beautiful writing, clearly described methods, and thoughtful and
critical thinking presented in the results and discussion sections. By
continuing to read these papers, we may ﬁnd tidbits that stimulate
fresh perspectives on our current thinking and generate ideas for
new (or revived) research venues in plant virology.
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